INTRODUCTION

Floor and columns models
112
For the sake of simplicity it is considered that the columns are arranged in a N x × N y 113 equispaced rectangular grid pattern. Therefore, a supporting column can be identified with , respectively. In the notation used in this work upper case letters are used to indicate 123 that a variable is defined in the frequency domain.
124
The axial response of an elastic homogeneous rod of constant cross-section is described
where z is the vertical position in the column local system of coordinates (see Fig. 2 
(a))
130 and where C 0 and C L are the column compliances to forces acting at the base and head of 131 the column, respectively. These compliances can be expressed as
132
C 0 (z) = −1 E c A c β sin(βz) + cos(βz) tan(βL c ) ,
where
where ω is the angular frequency.
134
The floors are modeled as rectangular elastic homogeneous isotropic plates of constant 135 width h f and of lengths L x and L y (see Fig. 2 
(b)). The ratio between the width and the
136
other floor dimensions is assumed to be small, allowing the use of thin plate formulation.
137
The deflection of the plate is given by
where ρ f is the floor material density, ∇ is the nabla operator and where
k − 1 and k, respectively) are assumed to be vertical point loads applied at the floor-column 
where (x i , y j ) is the position of the center of column (i, j) in the floor local system of 145 coordinates and where A(x, y; x i , y j ) is the floor compliance at (x, y) to a force applied at 146 (x i , y j ), which can be expressed as
147
A(x, y; x i , y j ) =
where W nm is the (n,m)-mode eigenfunction of the thin plate and where 
where η f is the structural damping factor and ω nm is the (n,m)-mode eigenfrequency. 
and taking into account the forces applied in each floor (see Fig. 3 ), the deflections of 
In the case of the ground floor, where k = 0, the deflection is given by
where F p are the building-pile coupling forces, which will be defined in the next sub-168 section, and A p is the matrix of floor compliances at the piles positions. For the sake of 169 simplicity, it will be assumed that the piles and columns positions are the same and, therefore,
171
In the case of the columns, defining
the head and base vertical displacements of all the columns in story k can be compactly
where I is the (N x · N y ) × (N x · N y ) identity matrix and where C 0 and C L are obtained 176 from Eq. (2).
177
The coupling forces of the building model are obtained considering the following set of 178 conditions: For the roof, the vertical displacement of the top columns is equal to the roof 179 deflection at the floor-column joint positions. Then, W Ns+1 = U Ns (L c ), and the coupling 180 equations can be expressed as
For any intermediate floor k, the vertical displacement of the base of the upper columns
182
(Columns k) is equal to the vertical displacement of the top of the lower columns (Columns 183 k − 1) and equal to the floor deflection at the floor-column joint positions. Then,
, which gives the following set of coupling equations
For the ground floor, the vertical displacement of the base of the columns is equal to compensated by the simplicity of its formulation and the efficiency of its computation.
218
Incident wavefield response
219
The Novak pile model response to an incident wavefield is computed using the formulation 220 presented in (Kuo 2010). The pile-head vertical response is obtained by discretizing the pile 221 length into N p equal segments and considering that the soil-pile interaction forces are action-
222
reaction forces applied at the ends of these segments (see Fig. 4 ). Since the PSPI is not 223 taken into account, it is assumed that the coupling forces caused by pile i do not affect the 224 response of pile j = i.
225
The soil and pile responses U s and U p can be expressed as
where U s,iw is the incident wavefield and where H s and H p are the soil and pile compliance 227 matrices, respectively. These matrices contain, for each subsystem, the response at the N p 228 discretized positions to forces applied on them. The soil response is obtained allowing no 229 relative motion between the piles and the soil and ignoring the effect of the pile cavities.
230
The resulting expression is
where I is a N p × N p identity matrix.
232
The matrix H p is obtained by computing the axial response of a thin rod with free-end 233 boundary conditions to axial forces applied on it. Its analytical expression can be found in
234
(Kuo 2010).
235
The matrix H s , which is obtained using the approximation developed by Baranov (1967) ,
236
is a diagonal matrix of the following form
where µ i is the shear modulus of layer i, L p is the length of the pile and where the 238 expression S z,i can be found in (Novak 1974).
239
The incident wavefield U s,iw is computed using the Stiffness Matrix Method (SMM)
240
presented by Kausel and Röesset (1981) , which considers that the soil is a horizontally 241 stratified isotropic linear elastic media. In the SMM the response of the soil is obtained system is excited by a vertical harmonic circular force applied either on the surface or at a 245 certain depth in the layered half-space. In cylindrical coordinates the components p r , p θ and 246 p z of the force can be expressed as
where r load is the load radius, z load is the load depth, P 0 is the load amplitude, H is the
248
Heaviside function and δ is the Dirac's delta function.
249
Applying a Hankel transform in r and a Fourier series decomposition in θ, the transformed 250 force coefficientsP n are expressed as
where j refers to the interface z = z load where the load is situated.
252
The response at each soil interface is obtained by inverting, for each value of n, k and ω,
253
the following system of equations
where the vectorsP andŪ contain the applied loads and the resulting displacements at 255 each interface. The response at each one of the piles discretized positions is obtained from 256 the interfaces responses using the analytic continuation of the soil.
257
The vertical soil response in the space-frequency domain is finally obtained by applying 258 an inverse Hankel transform to the wavenumber response using
More details regarding the outlined procedure can be found in (Kausel 2006) .
260
The response of all building pile-heads to an incident wavefield is obtained by computing 261 the first row of Eq. (21) for each one of the piles. Following the previous definitions, the 262 resulting displacements can be compactly expressed as
Driving point response
264
A pile buried in a layered half-space interacts with N int soil layers. The Novak pile model 265 assumes that, for i = 1, . . . , N int , the vertical response of the pile can be expressed as
where z i and z i+1 are the depths of the upper and lower interfaces of the layer, respectively, 267 and 268
where E p is the Young modulus of the pile material, A p is its section and ρ p is its density.
269
The constants A i and B i are determined considering the following set of boundary 270 conditions: the pile-top is excited by a vertical harmonic load F p , the pile-bottom is assumed 271 to be free and the pile vertical displacements and stresses are assumed to be continuous at 272 each layer interface. This set of conditions can be expressed as
Once the coefficients A i and B i are determined, the driving point response of each pile 274 is given by Eq. (28) when z = 0 and the driving point response of all the pile-heads can be 275 compactly written as 
The building-piles coupling is performed considering, first, that the vertical displacement 286 of the pile-heads is equal to the vertical displacement of the building ground floor and,
287
second, that this pile-heads displacement is equal to the vertical displacement of the base 288 of the ground columns (see Fig 5) . Then, W 0 = U 0 (0), −U ph = W 0 and the resulting 289 equations are
The coupling loads between the different subsystems (columns, floors and piles) are 291 obtained combining Eqs. (17), (18) 
296
RESULTS
297
This section discusses some significant results obtained using the presented model. The presented in Fig. 6 , has a total of 42,432 hexaedral elements and 6,804 wedge elements.
318
In the case of the second building, the mesh consists of 57,408 hexaedral and 16,614 wedge 319 elements.
320
In both models, the building has been excited by applying a vertical harmonic unitary The running time to obtain the results shown in Fig. 7 with the new analytical model, which 341 has been computed using MATLAB interpreted code, is about 40 seconds on a personal 342 computer equipped with a 3.16GHz Intel Core 2 Duo processor and 4 Gb of RAM. Around 343 75 minutes were required to obtain the results with the numerical model, which has been 344 developed using the MSC NASTRAN finite element software.
345
As can be seen in Fig. 8 , a similar agreement has been obtained in the predicted responses Table 3 , which shows 364 the total reduction obtained using this countermeasure in the range of frequencies studied.
365
The total reduction has been computed applying the frequency weighting described in Fig. 10 shows, the responses are also significantly affected by this 378 geometrical modification and they are again reduced for most of the studied range. As before,
379
the efficiency of this countermeasure has been quantified in Table 3 , which shows that, for 380 the upper building floors, the reduction in the vibration levels obtained using columns with 381 a larger cross-section is higher than the one obtained using a thicker lower floor.
382
The use of a thicker lower floor or of columns with a larger cross-section has been also 383 considered for the second building model. The obtained global reductions for this case, which 384 are presented in Table 4 , are slightly inferior than the ones obtained for the first building 
420
It can be also observed that for both types of soil the low-frequency response of all floors 421 is considerably more damped than the high-frequency one. Additionally, while the response 422 of the building on a softer soil tends to decrease as the excitation frequency increases, the 423 opposite tendency occurs for the building on a stiffer soil. It is therefore concluded that the 424 SSI has to be taken into account for the type of soils considered in this work.
425
Rather than performing a detailed quantification of the SSI effect, the aim of the previous 426 comparison is to highlight the importance of having the soil parameters well characterized 427 for performing accurate predictions of the building response to ground-borne vibrations.
428
The efficiency of the proposed model is especially useful for cases where these characteriza- Structural damping (η f ) 0.02 Structural damping (η c ) 0.02 Structural damping (η p ) 0.01 
